Standard and exotic interpretations of the atmospheric neutrino data 
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The present status of some theoretical interpretations of the atmospheric neutrino deficit is briefly discussed. 
Specifically, we show the results for the FC mechanism and for the standard oscillation hypothesis, both in the 
active and in the sterile channels. All these mechanisms are able to fit the present data to a good statistical 
level. Among them, the Vfi — > Vt oscillation is certainly the best explanation to the atmospheric neutrino deficit, 
providing a remarkably good agreement with the data. 



When cosmic rays collide with nuclei in the 
upper atmosphere, they produce neutrino fluxes, 
which have been detected by several detectors 
over many years (l]-^. Even though the abso- 
lute fluxes of atmospheric neutrinos are largely 
uncertain, the expected ratio i?(/i/e) of the muon 
neutrino flux over the electron neutrino flux is ro- 
bust, since it largely cancels out the uncertainties 
associated with the absolute fluxes. This ratio 
has been calculated |l^ with an uncertainty of 
less than 5% over energies varying from 0.1 GeV 
to 100 GeV. Since the calculated ratio does not 
match the observations, we believe to be facing an 
anomaly which can be ascribed to non-standard 
neutrino properties. 

Super-Kamiokande high statistics observa- 
tions ||l|,^ indicate that the deflcit in the total 
ratio R{fi/e) is due to the number of neutrinos 
reaching the detector at large zenith angles. The 
e-like events do not present any compelling ev- 
idence of a zenith-angle dependent suppression 
while the /i-like event rates are substantially sup- 
pressed at large zenith angles. 

A simplest explanation for these features comes 
from the hypothesis of neutrino masses and neu- 
trino flavour oscillations, where a transforms 
during propagation into a Vr or, alternatively, a 
sterile neutrino i^s. However, alternative ("ex- 
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Figure 1 . FCNC solution to the atmospheric neu- 
trino problem. Allowed regions for e^, and e'^, 
for the combination of the 52 kton-yrs Super- 
Kamiokande data sets: (a) the binned contained 
events are combined with total (unbinned) up- 
going events; (b) binned contained and up-going 
events. The best-fit point for each case is indi- 
cated by a star. The shaded areas refer to 90% 
while the contours stand for 95% and 99% C.L. 

otic") interpretations to the atmospheric neu- 
trino deficit have been proposed. Among oth- 
ers, fiavour changing (FC) neutrino interactions 
in matter, neutrino decay, violation of relativity 
principles or violation of the CPT symmetry (see 
Ref.[|ri|,^ for relevant references). 

In this paper, together with presenting the 
most updated results for the "standard" solution 
in terms of neutrino oscillations, we will also dis- 
cuss the status of the FC hypothesis. For the 
latter case, we will perform the analysis of the lat- 
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Figure 2. Oscillation solution to the atmospheric neutrino problem. Allowed regions for sin'^(20) and 
Am^ obtained from the global fits to all the available atmospheric neutrino data [1-9]. The three panels 



refer to the three oscillation channels: — > Vt (left), i'^ 



with negative Am (center), and 



with positive Am^ (right). The best-fit point for each case is indicated by a star. The shaded areas refer 
to 90% C.L. while the contours stand for 95% and 99% C.L. On the same plot, expected sensitivities for 
K2K and MINOS are also reported. 



est 52 kton-yrs Super-Kamiokande data , while 
in the case of the oscillation mechanism we will 
report on our global fit to all the available atmo- 
spheric neutrino data . More detailed discus- 
sions can be found in Rcf. for the FC hypoth- 
esis and in Rcf. for the oscillation mechanism. 
We refer to these papers also for a more exhaus- 
tive set of references. Here we briefly recall that 
we calculate the expected number of /i-like and 
e-like contained events as Nn 



the relevant expressions. For the upgoing muon 
data we calculate the fluxes as 



where 
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where rit is the number of targets, T is the ex- 
periment's running time, E,. is the neutrino en- 
ergy and $ct is the flux of atmospheric neutri- 
nos (a = iJ,,e); Ep is the final charged lepton en- 
ergy and s{Ep) is the detection efficiency for such 
charged lepton; a is the neutrino-nucleon interac- 
tion cross section, and Oi, is zenith angle; h and 
are geometrical factors Jl3| . Pap is the con- 
version probability of ^ vp, which depends on 
the conversion mechanism. See Refs. JTT[-|T^ for 
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where R(E^o,E^) is the muon range function, 
A{L,0) = AsiE^,0) + AT{Ef„9) is the projected 
detector area for internal pathlengths longer than 
L. As and At are the corresponding areas for 
stopping and through-going muon trajectories. 
The fitting procedure we adopt is discussed in 



detail in ^3 12 1. Here we only recall that we de- 
fine a function 
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where / and J stand for any combination of the 
experimental data sets and event-types consid- 
ered. The error matrices are defined as ajj = 
aa{A) pafsiA, B) ap{B) where pai3{A,B) is the 
correlation matrix. A detailed discussion of the 
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errors and correlations used in our analysis can be 
found in Ref. The final step is the mini- 

mization of the function from which we deter- 
mine the allowed region in the parameter space 
as: = Xmm + 4.6,6.0,9.2 for 90,95 and 99 % 
C.L. 

As for the FC mechanism, we report in Table 1 
the result of our fits over the different 52 kton-yrs 
SK data samples 0. The same table also shows 
our results for the oscillation interpretation. We 
notice that the FC hypothesis is able to fit well 
all the different data sets, with statistical confi- 
dence comparable to the oscillation cases. When 
a global analysis is performed, the FC hypothe- 
sis turns out to be a worse explanation as com- 
pared to oscillation. This is mainly due to a too 
strong suppression of the horizonthal thru-going 
muons Nevertheless, the FC mechanism is 

still acceptable at 90% C.L. . Fig. 1 shows the 
allowed regions in the two-parameter space of the 
FC mechanism We can notice that, in order 
to describe the data, a somewhat large amount of 
FC in the neutrino sector is required. 

As for the oscillation mechanism, we have pe- 
formed a global fit to all the available atmospheric 
neutrino data: Nusex ifl, 1MB g, Frejus 0, 
Kamiokande Iq], Soudan Iq], Super Kamiokande 
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results are shown in Fig. 2 and in Table 2. We 
see that all the three oscillation channels describe 
the data to a good statistical level (for details, see 
|T2[). From the results of the fit, we can conclude 
that, among the three possibilities, the —>■ 
oscillation hypothesis turns out to be the current 
most favourable option. 

Acknowledgements. I wish to address my 
warmest thanks to the TAUP99 Organizers for 
allowing me to deliver this second talk to the Con- 
ference. This work was supported by the Spanish 
DGICYT under grant number PB95-1077 and by 
the TMR network grant ERBFMRXCT960090 of 
the European Union. 

REFERENCES 

1. M. Nakahata, these Proceedings. 

2. Y. Fukuda et ai, Phys. Lett. B433, 9 (1998); 
Phys. Lett. B436, 33 (1998). 



SK data 


d.o.f 


FC 


oscillation 








(a) 


(b) 


(c) 


sub-GeV 


8 


2.4 


2.4 


2.7 


2.7 


multi-GeV 


8 


6.4 


6.3 


9.0 


8.9 


contained 


18 


9.3 


8.9 


12.9 


12.6 


stop-/i 


3 


1.0 


1.3 


2.4 


2.3 


thru-/! 


8 


10.3 


10.4 


13.5 


10.5 


Global 


33 


44. 


23.5 


32.6 


32.2 



Table 1. Values of Xmin ^'^^ ^he different SK data 
sets [1] and their combinations. For the neutrino 
oscillations case, (a) refers to i/^t ^ i^r, {b) to 
Vs (Ato^ < 0) and (c) to Vg (Am^ 
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Table 2. Best fit results for the oscillation solu- 
tion to the atmospheric neutrino problem. The 
analysis refers to a global fit to all the available 
data. In the case of the sterile channels, (— ) and 
(-I-) stand for negative and positive Am^, respec- 
tively. 
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